A cDNA for thylakoid-bound ascorbate peroxidase of pumpkin was cloned and characterized. Thylakoid-bound ascorbate peroxidase had a high similarity to cytosolic ascorbate peroxidases, and the precursor contained a transit peptide to chloroplasts at its ammo-terminus and a putative membrane-spanning region at its carboxy-terminus.
Ascorbate peroxidase is a hydrogen peroxide-scavenging enzyme that uses ascorbate as the electron donor. Ascorbate peroxidase is a heme peroxidase as are guaiacol peroxidases, but is distinguished from them in terms of their amino acid sequences and enzymatic properties (Asada 1992) . In higher plants, four isoenzymes of APX with different subcellular localizations have been characterized, namely, microbody APX (Yamaguchi et al. 1995a) , cytosolic APX (Koshiba 1993, Mittler and Zilinskas 1991a) , stromal APX (Nakano and Asada 1987, Chen and Asada 1989 ) and thylakoid-bound APX (Miyake et al. 1993) . Chloroplasts from spinach scavenge hydrogen peroxide using ascorbate as photoreductant (Asada and Badger 1984) and thylakoid-bound APX scavenges hydrogen peroxide photoproduced in PSI of thylakoids (Miyake and Asada 1992) . cAPX is found not only in photosynthetic tissues, but also in non-photosynthetic tissues, and its function is still obscure. It has been reported that mRNA for cAPX was increased by drought, heat stresses, and treatment with paraquat, ABA and ethephon Zilinskas 1992, 1994) , suggesting that cAPX might have a role in the response to various stresses. Recently, we reported that a protein localized on glyoxysomal membranes with a molecular mass of 31 kDa is a novel isoenzyme of APX Abbreviations: APX, ascorbate peroxidase; cAPX, cytosolic ascorbate peroxidase; mbAPX, microbody ascorbate peroxidase; sAPX, stromal ascorbate peroxidase; tAPX, thylakoid-bound ascorbate peroxidase; CcP, cytochrome c peroxidase; PX, peroxidase. 1 To whom correspondence should be addressed. (Yamaguchi et al. 1995a ). This isoenzyme is also present in leaf peroxisomes, and would function to prevent leakage of hydrogen peroxide from microbodies (glyoxysomes and leaf peroxisomes) into the cytosol. In order to elucidate the functional apportionment of these APX isoenzymes, we have attempted to analyze their molecular structures. The cDNA for cAPX has been characterized from various species of plants, but cDNAs for chloroplastic isoenzymes of APX have not. However, partial amino acid sequences were reported for sAPX of tea Asada 1989, Chen et al. 1992 ) and tAPX of spinach (Miyake et al. 1993) . As reported previously (Yamaguchi et al. 1995a) , an antibody against mbAPX cross-reacted with four isoenzymes of APX. We isolated cDNA for tAPX from pumpkin cotyledons using an antibody against mbAPX. We report here the cloning and nucleotide sequence of cDNA for tAPX from pumpkin.
Germination of pumpkin (Cucurbita sp. cv. Kurokawa Amakuri) seeds and preparation of the seedling was described previously (Yamaguchi et al. 1995b ). A cDNA library for poly(A) + RNA from etiolated cotyledons was constructed by the modified vector-primer method of Mori et al. (1991) with the plasmid pTTQ18. The recombinant plasmids were immunoscreened with an antibody against mbAPX. The cDNA insert from an immunopositive clone was subcloned and used as a hybridization probe to identify longer cDNA clones. Deletion mutants of the cDNA insert in both the sense and the antisense strand were constructed using a deletion kit (Takara Shuzo, Kyoto, Japan). Labeling was performed by the randomprime method with [a- 32 P]dCTP (Amersham Japan) and a BcaBEST labeling kit (Takara Shuzo, Kyoto, Japan). Sequencing analysis of both strands of the insert was performed with a DNA sequencer (model 373A; Applied Biosystems Inc., Foster City, CA, U.S.A.) using M13-21 and RV primers in accordance with the manufacturer's directions. To express the carboxy-terminal 82-residue polypeptides of tAPX from Ala-263 to Asn-344, the following primers were synthesized: 5-GATGGATTCGCTAAGTTTGACC-CTCCAGAG-3' and 5 -GCCGTCGACTCAGTTTCCTA-GAAGAGATGT-3'. These primers were conjugated with BamHl and Sad restriction sites, respectively. The amplified DNA fragments were ligated with the T-vector. The amplified plasmids were digested by restriction en-zymes and ligated into the multi-cloning site of the pQE30 vector (QIAGEN, Chatsworth, CA, U.S.A.). The fusion protein was expressed in E. coli cells and was separated by SDS-PAGE. Rabbit antiserum against the fusion protein was prepared as described previously (Mori et al. 1988) . Leaf peroxisomes and chloroplasts were prepared by Percoll gradient centrifugation as described previously (Yamaguchi et al. 1995b) . Isolated chloroplasts were suspended with lOmM HEPES-KOH (pH 8.0) containing .10 raM MgCl 2 , and were centrifuged at 3,200 x g for 10 min. The resultant supernatant and precipitate were analyzed as the stromal fraction and the thylakoid membrane fraction, respectively. The cytosol fraction was prepared as a supernatant fraction by sucrose density gradient centrifugation (See Fig. 2 , Yamaguchi et al. 1995a) . Aliquots of the cytosol, thylakoid membranes, chloroplasts and leaf p>eroxi-somes were subjected to SDS-PAGE and subsequent immunoblotting. Electrophoresis and immunoblotting were performed as described previously (Yamaguchi et al. 1995a ). Antiserum against mbAPX was prepared previously (Yamaguchi et al. 1995b ).
To isolate the cDNA for chloroplastic ascorbate peroxidase of pumpkin, a pTTQ18 cDNA library that had been constructed with poly(A) + RNA from etiolated pumpkin cotyledons was screened using an antibody against mbAPX. One positive clone with different restriction sites to cDNA for mbAPX (Yamaguchi et al. unpublished data) was isolated. The length of the cDNA insert was 650 bp. The same cDNA library was screened by colony hybridization using the 650 bp insert as a probe. We obtained several positive recombinant plasmids by this screening procedure, including one that contained the longest insert of 1.4 kb. The cDNA insert was subcloned into pBluescript (Stratagene, La Jolla, CA, U.S.A.) and the nucleotide sequence was determined. Figure 1A shows the nucleotide and deduced amino acid sequences of the cDNA. The cDNA consists of 1,478 bp and contains an open reading frame of 1,266 bp capable of encoding a polypeptide of 421 amino acids with a molecular mass of 46,059 Da. Comparison of the deduced amino acid sequence with those of cAPXs from various species of higher plants revealed that the protein has a high similarity to the other cAPXs, but was clearly distinguished from them by the presence of extended sequences in its aminoand carboxy-terminal sequences (Fig. 2) . The amino-terminal sequence seemed to be a putative transit peptide to chloroplasts, because it is rich in hydroxylated residues, interspersed with positively charged or hydrophobic amino acid residues, but devoid of negatively charged residues (Gavel and von Heijne 1990, de Boer and Weisbeek 1991) . Just behind the amino-terminal transit peptide, there is a sequence that is highly homologous to the amino-terminal sequences of spinach tAPX (Miyake et al. 1993 ) and tea sAPX (Chen et al. 1992) , but not to those of cAPXs. The carboxy-terminal sequence possessed a hydrophobic region (Fig. IB) , which is a putative membrane-spanning domain. Moreover, the molecular mass of the mature protein is calculated to be 38,032 Da, which coincides with the molecular mass of tAPX of pumpkin (38 kDa) estimated by SDS-PAGE, but does not coincide with one of sAPX of pumpkin (34 kDa) (Yamaguchi et al. 1995a ). These results strongly support that the cDNA encoded tAPX of pumpkin.
Antibodies against the carboxy-terminal 82-residue polypeptide of the APX did not cross-react with cAPX or mbAPX, whereas they did cross-react with tAPX and sAPX (Fig. 3) . The immunoreactivity suggests that the tAPX contains partially homologous sequences to sAPX. Since the same volume of each organelle fraction was applied to SDS-PAGE and subsequent immunoblotting using antibodies against mbAPX and the carboxy-terminal 82-residue polypeptide, one can directly compare to immunoreactivity of APX isoenzymes. As shown in Fig. 3 , it is clear that the immunoreactivity of antibodies against the carboxy-terminal 82-residue polypeptide with tAPX is much stronger than that with sAPX. These results strongly support that the cDNA does encode tAPX of pumpkin. This seems to be the first report of cDNA cloning for tAPX and its characterization.
Enzymatic properties of chloroplast APX are different from those of cAPX. It has been reported that chloroplast APX was more labile than cAPX against hydrogen peroxide in the absence of ascorbate, and that cAPX showed a broader specificity for substrates as electron donors than did chloroplastic APX (Asada 1992) . As shown in Fig. 2 , there are insertions from Pro-47 to Gly-50, Glu-122 to Cys-124, Pro-138 to Ala-139 and Glu-179 to Ser-194 in the mature region of tAPX. These differences in the amino acid sequence in the mature region between cAPX and tAPX may reflect different properties of these APXs. A phylogenic tree containing tAPX with the cAPXs of Arabidopsis, Pisum and Capsicum, and various peroxidases is (A) Nucleotide and deduced amino acid sequences of cDNA for tAPX of pumpkin. Arrowhead indicates the putative site of cleavage of the transit peptide, as estimated from the N-terminal sequence of sAPX of tea Asada 1989, Chen et al. 1992 ) and tAPX of spinach (Miyake et al. 1993) . Stars indicate a terminal codon. (B) Hydropathy profiles of tAPX. Hydropathy indexes were calculated according to Kyte and Doolittle (1982) . Positive values indicate hydrophobic regions. Numbers on horizontal axis are deduced amino acid residue numbers. Arrow indicates the putative site of cleavage of the transit peptide. Dotted and closed boxes represent the transit peptide to chloroplasts and a putative membrane-spanning domain, respectively. The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence database with the following accession number D83656. Fig. 2 Alignment of the amino acid sequence of tAPX of pumpkin with those of cAPX of Arabidopsis (Kubo et al. 1992) , Pisum (Mittler and Zilinskas 1991b) and Capsicum (Schantz et al. 1995) . Asterisks indicate amino acids that have been identified to play important roles in the enzymatic reaction of CcP of S. cerevisiae (see text). Boxes show conserved regions.
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shown in Figure 4 . The tAPX, like the cAPXs, shows a higher similarity to CcP of S. cerevisiae than to the guaiacol PX of higher plants. Common properties between APX and CcP have been reported (Asada 1992 , Chen et al. 1992 . A detailed analysis of CcP of S. cerevisiae identified several amino acids that play an important role in the enzymatic reaction. In CcP, it has been shown that His-175 is a proximal His for the protoheme, that the neighboring Trp-191 is important for the storage of oxidizing equivalents in Compound I in the heme pocket, that a histidine (His-52) distal to the heme pocket serves as a charge stabilizer, and that the Arg-48 and His-52 serve in the heter-
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Fig . 3 Immuno-cross reactivity with antibodies against mbAPX (A) and the carboxy-terminal polypeptide of tAPX (B) of each isoenzyme of ascorbate peroxidases. Numbers 1, 2, 3 and 4 in the middle represent the position of the migration of tAPX (38 kDa), sAPX (34 kDa), mbAPX (31 kDa) and cAPX (28 kDa) in SDS-PAGE, respectively. The same volume of each organelle fraction was applied to SDS-PAGE and subsequent immunoblotting. olytic cleavage of hydrogen peroxide (Dasgupta et al. 1989 , Takio et al. 1980 , Fishel et al. 1991 , Welinder 1992 . These amino acid residues are conserved in tAPX as well as the cAPXs and sAPX of tea. Guaiacol PX contains eight Cys residues at the conserved positions for four disulfide bonds and an asparagine residue as a site of glycosylation (Welinder 1985) , but no half-cysteine residues and asparagine residue exist in the corresponding positions in this tAPX, sAPX of tea or in the cAPXs.
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Saccharomyces CCP Fig. 4 Phylogenic tree of homologous regions of tAPX of pumpkin with those of various APXs and peroxidases. cAPXs of Arabidopsis (Kubo et al. 1992) , Pisum (Mittler and Zilinskas 1991b) and Capsicum (Schantz et al. 1995) , CcP of S. cerevisiae (from Thr-69 to Pro-345; Kaput et al. 1982 ) and guaiacol peroxidase (from Gln-31 to Gly-322; Fujiyama et al. 1988 , from Leu-24 to Gly-312; Roberts and Kollattuskudy 1989) were compared with a portion of tAPX (from Lue-78 to Asp-363) that lacks the aminoterminal transit peptide and carboxy-terminal extended sequences.
The site of reduction of hydrogen peroxide by tAPX is reported to be the stromal side of the thylakoid membranes, because APX activity in the thylakoid membrane has no latency (Miyake and Asada 1992) . The present results indicate that tAPX anchors to thylakoid membranes by the carboxyl-terminal region, suggesting that most parts of the protein are exposed to the stroma. No thylakoid-bound protein has been reported to contain a membrane spanning domain at its carboxy-terminal end. Therefore, tAPX seems to be a novel type of thylakoid-bound protein. The targeting of tAPX to the thylakoid membrane is of interest for clarifying the novel molecular mechanism on sorting of chloroplast proteins. It has also been reported that tAPX localizes preferentially in stroma thylakoids relative to grana thylakoids (Miyake and Asada 1992) . Further studies using immunocytochemical techniques will provide information on the accurate localization of tAPX in chloroplasts.
